The taxonomic significance of the polysaccharide structures of algal cell walls has been underscored several times over the past few decades but has never been pursued systematically. Many changes in red algal systematics and the biochemical analyses of phycocolloids have occured in recent years. The cell-wall composition of representatives of 167 (24.7%) genera and 470 (11.5%) species of red algae has been documented.The method developed by Chopin and Whalen for carrageenan identification by Fourier transform infrared diffuse reflectance spectroscopy is extended to the study of phycocolloids for diverse species in many red algal orders. This paper focuses on the Gigartinales in which representatives of 28 (68.3%) families, 88 (50.6%) genera and 224 (27.9%) species have been analyzed. In light of recent molecular phylogenies, some patterns of distribution of key phycocolloid attributes, corresponding to familial and ordinal level groupings, are emerging; however, more species remain to be analyzed. The well-documented biochemical alternation of generations in the Phyllophoraceae, Petrocelidaceae and Gigartinaceae still holds (with two exceptions), but this pattern was not recorded in other families of Gigartinales.
HISTORICAL REVIEW
Most authors tracing the first attempt at determining the possible taxonomic significance of cell-wall polysaccharides in red algae refer to Stoloff and Silva (1957) . There is, however, a precursor in which a remarkable synthesis, with surprisingly modern terminology, was presented (Tseng 1945) . The knowledge of the day was summarized in his fig. 1 ('A tentative systematic arrangement of useful seaweeds and seaweed colloids'), in which the main groupings of algae were based on the colloids they produce, in a scheme that has seen few modifications over the succeeding decades: the agarophytes producing agar, the carrageens producing carrageenin and a group of 'others' producing agaroid, iridophycin and funorin.
In 1957, based on the analysis of 66 species belonging to 23 genera, Stoloff and Silva demonstrated the potential of the properties of water-extractable polysaccharides as chemotaxonomic tools in red algae. Moreover, they made three key statements. First, 'the use of chemical components in classification is not novel. Harvey, in establishing the major groups of algae, made use of a biochemical character -pigmentation'. Second, their 'data are derived from biochemical components which are of commercial value, so that the classification becomes a matter of economic interest and importance'. Third, they made the plea that 'the greater the number of criteria used and the greater the correlation of factors obtained, the more likely will a taxonomic arrangement express phylogenetic relationships'. This plea is still made by some of us who believe that understanding the phylogeny of the red algae will only come from the integration of morphologic, ultrastructural, chemical and molecular arguments.
In 1959, Yaphe studied the relationship between taxonomic position and type of polysaccharides in 30 species of Rhodophyceae based on enzymatic digestion of their polysaccharides and suggested κ-carrageenan Phycological Research 1999; 47: Gigartinales symposium Phycocolloid chemistry as a taxonomic indicator of phylogeny in the Gigartinales, Rhodophyceae: A review and current developments using Fourier transform infrared diffuse reflectance spectroscopy be considered in their classification. Stoloff (1962) made the case that algal classification is an aid to improved industrial utilization of seaweeds. He had analyzed 78 species belonging to 30 genera and recommended the consideration of three orders in the Florideophycidae: the Gelidiales producing agars, the Gigartinales producing carrageenans and the Hypneales producing gelans. From his arrangement, it was clear that some families overlapped the three orders. Frei and Preston (1964) studied non-cellulosic structural polysaccharides in algal cell walls and brought to attention the use of polysaccharides other than agars and carrageenans, such as xylans and mannans, as chemotaxonomic markers. They pointed out that 'while the organization of the cell walls is only one of a number of taxonomically definitive characters, some considerable weight must be given to it … since the cell wall is the end product of a chain of biochemical reactions which must be fundamental'.
In 1973, McCandless and coworkers showed that in a member of the Gigartinaceae, Chondrus crispus Stackhouse, the gametophytes produce κ-carrageenan and the tetrasporophytes λ-carrageenan. After the discovery of this biochemical alternation of generations, it appeared that much of the seasonal and geographic variation in the qualitative (κ-/λ-carrageenan ratio) and quantitative [percentage of dry weight (DW)] distribution of carrageenans from natural populations of C. crispus, previously attributed to habitat, nutrients in seawater or age of plants [see Chopin (1986) for review] might, in fact, be explained in terms of gametophyte/tetrasporophyte composition of samples. McCandless and Craigie (1974) concluded that in a defined site, if one considers the sexual stage of harvested plants, seasonal variations are reduced to a minimum level (slight increase in carrageenan content at the end of summer in female gametophytes). Chopin et al. (1995) showed, however, that when samples are carefully sorted to reduce their heterogeneity (due to size, weight and age difference) seasonal variations between 31.4 and 69.8% DW can be recorded. Semesi and Mshigeni (1977b) used the fact that Sarconema filiforme (Sonder) Kylin produces ι-carrageenan, not agar as reported by Levring et al. (1969) , to justify its placement in the Solieriaceae by Papenfuss and Edelstein (1974) . McCandless (1978) recognized difficulties at the family level when using the types of galactans produced for taxonomic purposes. She also stated that it is important to consider these polysaccharides in the classification of red algae and that newer techniques were making this a practical possibility. She, however, clearly explained why, while the taxonomic significance of the polysaccharide structures of the algal cell walls had been underscored several times over the past few decades, it had never been pursued in a systematic manner because '… division on the basis of the constituent polysaccharides is either a taxonomist's nightmare, if one looks at the changes in classification which would have to result, or a biochemist's nightmare, if one looks at the existing classification and considers the analyses still to be done. Kylin (1956) Miller and Furneaux (1982) acknowledged a lot of substitutions and minor components in agars and questioned their significance as they could come from other saccharides or glycosides present in the plant in small amounts, or from epiphytes present on the algae. We might add that all the conventional techniques of extraction, separation, purification and analysis are not simple and require many steps, which can partially degrade sugar constituents and create by-products. This leads, consequently, to questioning if one is really detecting natural constituents or technique artefacts. This was the impetus for Chopin and Whalen (1993) to develop a simple and rapid screening procedure with minimal treatment: Fourier transform infrared (FT-IR) diffuse reflectance spectroscopy directly on dried, ground algal material. McCandless et al. (1982 McCandless et al. ( , 1983 ) studied the carrageenan patterns in the Phyllophoraceae and the Gigartinaceae, respectively. In the Phyllophoraceae, gametophytes produce ι-or ι-/κ-carrageenan hybrids, while in the Gigartinaceae they produce κ-or κ-/ι-carrageenan hybrids. In both families, tetrasporophytes produce λ-carrageenan. Based on the production of ι-carrageenan, these authors confirmed the transfer of Besa stipitata Hollenberg et Abbott (as B. papillaeformis Setchell) from the Gigartinaceae to the Phyllophoraceae (Abbott and Hollenberg 1976) . They characterized the carrageenans of the gametophytes in the Gigartinaceae as exhibiting a 'rather monotonous uniformity' to use the same terminology as Mikami (1965) when describing the sexual development in this family. These authors also offered explanations for the stumbling blocks at the family level of the initial efforts by Stoloff and Silva (1957) and Yaphe (1959) : the first because it was based on the predominant polysaccharide, classified mostly from a physical property perspective; and the second because it was based on enzyme digestion of polysaccharides, perhaps too specific for the knowledge at the time. Whyte et al. (1984) demonstrated that methylated galactose, in the past thought to be associated only with agaroid polymers, can also be found in the Caulacanthaceae and Solieriaceae. The distinct polydisperse polymers of the Nemastomataceae and Plocamiaceae were reported as predominantly 1,3-linked-D-galactopyranose units sulfated on some of the 4-and 2-positions. The family Plocamiaceae was elevated to the order Plocamiales based on molecular small subunit rRNA analysis (Saunders and Kraft 1994) . Furneaux and Miller (1986) , realizing some emerging patterns confirming the taxonomic significance of polysaccharide structure, mentioned that, at least for some of the better studied families, 'general predictions can be made provided data are available on some closely related algae'. Adams et al. (1988) showed that because it produces xylans, Leptosarca simplex A. et E.S. Gepp should not be related to Iridaea (Gigartinales), but should be placed in the order Palmariales (or Nemaliales). Since then, L. simplex was made synonymous with Palmaria decipiens (Reinsch) R.W. Ricker by Ricker (1987) .
Major taxonomic changes to the commercially important genus Eucheuma were implemented by Doty (1988) who described the new genus Kappaphycus based on the phycocolloids produced and 'vegetative tendencies' (sic). One year later, Santos (1989) published a review of the carrageenans of the species of Eucheuma and Kappaphycus. If the genus Kappaphycus (all species producing κ-carrageenan) and the two sections Eucheuma and Anaxiferae of the genus Eucheuma (all species producing ι-carrageenan) are homogeneous, this is not the case for the third section, Gelatiformia, of the genus Eucheuma. The two species E. perplexum Doty and E. kraftianum Doty produce ι-carrageenan, E. odontophorum Boergesen and E. platycladum Schmitz are κ-/ι-hybrids and E. gelatinae (Esper) J. Agardh and E. speciosum (Sonder) J. Agardh are β-/κ-hybrids. Santos, however, did not undertake nomenclatural transfers according to these chemical results and recommended that other non-carrageenan attributes be considered as well. In 1995, Doty described the new genus Betaphycus based on its predominant β-carrageenan production and established three species: B. philippinensis Doty, B. gelatinum (Esper) Doty (formerly E. gelatinae), and B. speciosum (Sonder) Doty (formerly E. speciosum). The significance of this generic segregation between κ-, ι-, and β-carrageenan producing plants is probably debatable as it is becoming more accepted that perfect disaccharide repeating units are extreme structures rarely found in algal cell wall galactans, which are more and more described as hybrid structures (Knutsen et al. 1994) . Rather than giving substantial phylogenetic importance to the different genera of the tribe Eucheumatoideae as described by Doty, it is maybe more appropriate to consider them as taxonomic conveniences, useful at a commercial level (G. Kraft, pers. comm., 1998) , even if the phycocolloid industry regularly complains about these nomenclatural changes that create regulatory nightmares! Craigie (1990) , appreciating the shift of systematics from morphologic classification to phylogenetics, stated that 'as more red algal taxa are grouped to reflect their evolutionary affinities, it is to be expected that chemical and biochemical evidence will assume even greater importance'. In the same chapter, Craigie questioned the chemotaxonomic significance of xylans, which are common in Nemaliales and Palmariales, but are also common acid hydrolysis products of many red algal cell walls. Similarly, Chopin et al. (1990) discussed the value of methyl galactosyl residues as chemotaxonomic indicators as, besides being common in agarophytes, they are also present in polysaccharides from the Solieriaceae, Caulacanthaceae and Halymeniaceae (formerly Grateloupiaceae). Since then, they have also been detected in some species of the Gigartinaceae and Phyllophoraceae. Chopin and coworkers also commented on the value of deviant ι-carrageenan [or more correctly ο-carrageenan, according to Craigie (1990) ], so far recorded only in some Solieriaceae and Phyllophoraceae. Usov and Klochkova (1992) studied 40 species of red seaweeds from Kamchatka (north-western Pacific) by reductive hydrolysis of biomass and confirmed some relationships between polysaccharide composition and taxonomic status. Members of the Bangiales are agar/porphyran producers. Members of the Cryptonemiales produce especially diverse types of polysaccharides belonging both to the agar or carrageenan groups; agarobiitol and carrabiitol are, however, simultaneously detected in Callophyllis cristata (C. Agardh) Kützing and Cirrulicarpus gmelini (Grunow) Tokida et Masaki. Only carrabiitol is detected in the Gigartinales, while only agarobiitol is detected in the Rhodymeniales and Ceramiales. Members of the Palmariales are xylan producers with galactans of the agar group as minor components. Stevenson and Furneaux (1991) and Usov (1993) advocated partial reductive hydrolysis and subsequent gas-liquid chromatography and mass spectrometry (GLC-MS) as a rapid screening tool for the chemotaxonomic analysis of red algal galactans. Liao et al. (1993a) considered that even if β-carrageenan was recorded previously in only five red algal species belonging to relatively unrelated families [Endocladia muricata (Postels et Ruprecht) J. Agardh (Endocladiaceae), Tichocarpus crinitus (Gmelin) Ruprecht (Tichocarpaceae), Betaphycus gelatinum and B. speciosum (Solieriaceae), and Furcellaria lumbricalis (Hudson) Lamouroux (Furcellariaceae)], its uniform occurrence in all six species of the highly specialized family Dicranemataceae indicated phylogenetic significance. The fact that all six species are β-/κ-carrageenan hybrids in both gametophytes and tetrasporophytes was considered by these authors as evidence for continued separation of the families Dicranemataceae and Sarcodiaceae in the Gigartinales, contrary to a proposal by Norris (1987) to incorporate the Dicranemataceae into the Sarcodiaceae (Sarcodia produces λ-type carrageenans in both gametophytes and tetrasporophytes). Chopin et al. (1994) re-emphasized the potential chemotaxonomic significance of pyruvic acid derivatives and methylated galactoses but doubted the value of xylose as it is widely distributed (Bangiales, Nemaliales, Palmariales, Batrachospermales). Their review of the phycocolloids produced by the Cryptonemiales (sensu Kylin 1956 ) revealed a phycocolloid chemistry far from homogeneous, which may be due to the polyphyletic origin of this order, which was provisionally subsumed in the Gigartinales (Kraft and Robins 1985) . Moreover, the only published information on a species of the type genus of the order, Cryptonemia crenulata (J. Agardh) J. Agardh (now in the Halymeniaceae, Halymeniales) collected in Brazil, reported it as an ι-carrageenan producer (Saito and de Oliveira 1990) , whereas the other species produce λ-carrageenans, aeodans, π-carrageenans, phyllymenans, κ-/β-carrageenan hybrids, funorans, sulfated agarose or agarobiose. However, our preliminary analysis of the polysaccharides of C. crenulata and C. luxurians (C. Agardh) J. Agardh from Guadeloupe and C. delicatula Joly et Cordeiro from the Bahamas does not suggest an ι-carrageenan structure but a much more complex one that requires further investigation.
The first paper to integrate information on the chemistry of polysaccharides, anatomic characteristics and nucleotide sequences was published by Chiovitti et al. (1995a) . These authors demonstrated that the polysaccharide affinity of Stenocladia australis (Sonder) Silva with Nizymenia australis Sonder is greater than with Stenocladia furcata (Harvey) J. Agardh, in agreement with a suite of vegetative anatomic features. As a comparison of the internal transcribed spacer (ITS) 2 sequences showed insufficient evidence to separate any of the species at the genus level, they recommended that all three species be consolidated into the genus Nizymenia as N. australis, N. conferta (Harvey) Chiovitti, Saunders et Kraft (formerly S. australis), and N. furcata (Harvey) Chiovitti, Saunders et Kraft (formerly S. furcata (Harvey) J. Agardh). Chiovitti et al. (1995b) also reassessed the taxonomic position of Melanema dumosum (Harvey) Min-Thein et Womersley based on its carrageenan composition. Melanema dumosum was formerly Areschougia dumosa Harvey, a member of the Rhabdoniaceae (now Caulacanthaceae). However, some species of this family were moved to the Solieriaceae by Gabrielson and Hommersand (1982) , and Womersley (1994) put Melanema provisionally in the Solieriaceae. From the polysaccharide data (ι-/κ-/β-hybrid), Chiovitti et al. (1995b) considered that Melanema could be retained provisionally in the Solieriaceae, although potential inclusion in the Caulacanthaceae should not be dismissed. In their latest study, Chiovitti et al. (1998b) showed that the carrageenans, anatomy and reproductive development of Austroclonium are more closely related to those of Rhabdonia, Erythroclonium and Areschougia than to those of other members of the Cystocloniaceae. As the carrageenans from Rhabdonia, Erythroclonium and Areschougia (highly methylated ι-and α-carrageenan hybrids) are structurally more closely related to each other than any of them are to those from other genera of the Solieriaceae, Chiovitti et al. (1998b) recommended the provisional transfer of Rhabdonia, Erythroclonium, Areschougia, and Austroclonium to the re-established family Rhabdoniaceae, as the family Areschougiaceae.
In 1996, Fredericq et al. presented a hypothesis of phylogenetic relationships between 57 species of agar-and carrageenan-containing marine red algae based on rbcL sequence analysis. The recently established order Ahnfeltiales (Maggs and Pueschel 1989) contains agarophytes [the genus Ahnfeltiopsis, retained in the Phyllophoraceae, Gigartinales , produces carrageenans]. The κ-, β-and λ-type carrageenophytes are resolved in three clades: (i) a complex containing the Solieriaceae, Cystocloniaceae, Hypneaceae, Caulacanthaceae, Tichocarpaceae, Furcellariaceae, and the genera Turnerella and Opuntiella (which are currently misplaced in the Solieriaceae, according to these authors); (ii) the Gigartinaceae and Phyllophoraceae; and (iii) the Endocladiaceae, Gloiosiphoniaceae and Phacelocarpaceae. Except for the Tichocarpaceae, Endocladiaceae and Gloiosiphoniaceae, the above families are all members of the Gigartinales (sensu Kylin 1956 ). One should, however, keep in mind that only one species for each of the above three families was analyzed and that, consequently, generalization should be avoided at this preliminary stage.
According to Fredericq et al. (1996) , most of the families in the Cryptonemiales (sensu Kylin 1956 ) contain only λ-type carrageenans and can be divided into two groups: (i) the 'typical carrageenophyte' taxa included in the Polyidaceae, Kallymeniaceae, Dumontiaceae, and Rhizophyllidaceae; and (ii) the 'atypical carrageenophyte' taxa (which cluster with 'typical agarophyte' taxa according to Fredericq et al. 1996) included in the Halymeniaceae and divisible into two clades, the aeodan producers and the Schizymeni-aceae. It is interesting to note that this molecular analysis clusters three families traditionally placed in the Gigartinales (Polyidaceae, Rhizophyllidaceae, and Schizymeniaceae) with cryptonemialean ones. However, the phycocolloid chemistry of the Polyidaceae, Kallymeniaceae, Dumontiaceae, and Rhizophyllidaceae reveals complex polymers, far from 'typical', with heterogeneous substitution patterns requiring further investigation. The phycocolloids found in the Halymeniaceae are not limited to aeodans, as λ-carrageenan, λ-type carrageenan plus agarobiose, between κ-and λ-type carrageenan, π-carrageenan, between agaroid and carrageenan, and phyllymenan structures have been reported (Chopin et al. 1994) . Based on molecular analyses, Saunders and Kraft (1996) proposed the new order Halymeniales to regroup the old cryptonemialean type family Halymeniaceae and the gigartinalean family Sebdeniaceae. The only analyzed representative of the Sebdeniaceae, Sebdenia sp., appears to be a α-/δ-carrageenan producer (T. Chopin, unpubl. data, 1998 ). This suggests a need for re-evaluation of this order because of the highly heterogeneous polysaccharide composition of the species it contains. A similar situation exists in the Schizymeniaceae.
According to Fredericq et al. (1996) , the Gelidiales, Gracilariales and Ceramiales are agarophyte orders well resolved as monophyletic clades. The Gracilariales are, however, included in a clade containing families belonging to the Rhodymeniales. The families of the Rhodymeniales not only contain agarophytes but also carrageenophytes (Cenacrum subsutum Ricker et Kraft; Adams et al. 1988) , producers of agar/carrageenan hybrid structures informally termed carragars, which are highly sulfated agaroid polymers with polydisperse patterns of sulfation (Lomentaria catenata Harvey; Takano et al. 1994) , and complex galactan producers [Champia novae-zealandiae (Hooker et Harvey) J. Agardh; Miller et al. (1996) ]. Finally, the Plocamiales and the Sarcodiaceae (presently in the Gigartinales) are resolved as separate clades.
PRESENT SITUATION
After half a century of phycocolloid chemotaxonomic investigations, much knowledge has accumulated as the number of species analyzed has increased. If one considers the estimates of Kraft (1981) that there are approximately 675 genera and 4100 species of red algae, the phycocolloids of 24.7% of the genera (167) and 11.3% of the species (462) have been characterized, clearly progress since the study of Stoloff and Silva [1957; 3.4% (23) and 1.6% (66), respectively]. Regarding only the order Gigartinales, which contains many seaweeds of major commercial value, progress has been significant. This order presently contains around 41 families. Kraft (1981) estimated that it included approximately 100 genera and 700 species. With the creation of the Gracilariales (Fredericq and Hommersand 1989) , the Plocamiales (Saunders and Kraft 1994) , the Ahnfeltiales (Maggs and Pueschel 1989) , and the Halymeniales (Saunders and Kraft 1996) , approximately 10 genera and 172 species were removed from the Gigartinales (sensu Kylin 1956 ). Of the Cryptonemiales (sensu Kylin 1956 ), the Corallinaceae and the Halymeniaceae were elevated to the Corallinales and the Halymeniales, respectively (Silva and Johansen 1986; Saunders and Kraft 1996) ; the subsuming of the Peyssonneliaceae, Kallymeniaceae, Dumontiaceae, Corynomorphaceae, Gloiosiphoniaceae, Choreocolacaceae, Tichocarpaceae, Endocladiaceae, and Gainiaceae in the Gigartinales (Kraft and Robins 1985) added approximately 84 genera and 274 species to the order, which, consequently, can now be considered a group of approximately 174 genera and 802 species. Representatives of 68.3% of the families (28), 50.6% of the genera (88) and 27.9% of the species (224) have now been analyzed for phycocolloids compared to the previously reported 11.9% (5), 5.2% (9), and 3.1% (25), respectively (Stoloff and Silva 1957) .
One of the techniques for identifying polysaccharide structures is IR spectroscopy, which is based on the analysis of peaks at certain wavenumbers (in cm -1 ). As this information is quite dispersed in the literature, we have grouped the main peaks found in phycocolloid spectra with their attributed bonds (Table 1 ) and the key peaks used for identifying the 15 carrageenans presently recognized (Table 2) . We are now testing whether the method of Chopin and Whalen (1993) for carrageenan identification by FT-IR diffuse reflectance spectroscopy can be extended to the study of phycocolloids for diverse species of the different red algal orders. Our initial results are encouraging and this screening method offers several advantages that should reduce the time required to screen previously unstudied taxa:
1. This is a rapid (a few minutes instead of several days of lengthy extraction procedures, and film or KBr pellet preparation), affordable (FT-IR spectrometers are becoming more and more common as dispersive IR spectrometers are gradually disappearing) and simple technique.
2. It requires only small amounts of material (a few g freshweight or mg dryweight), originating either from small field or herbarium collections which can be easily shipped.
3. Samples are minimally treated (only drying and grinding), which allows the most accurate determination of the native composition of the different types of carrageenans, whereas extractive techniques, by the unavoidable selectivity and fractioning they involve, yield compositions not necessarily reflective of the native and complete composition.
4. The enhanced resolution of the spectra procures more information than dispersive IR spectroscopy or that from spectra of extracted carrageenans. Not only the major types of carrageenans are detected, but also smaller fractions, such as the precursors. Moreover, software for FT-IR spectrometers allows processing of spectral data, especially conversion to second-derivative spectra, which provide more information by better resolving bands and shoulders in parent spectra into sharper signals (Chopin et al. 1994; Matsuhiro 1996) ; however, there is the possibility of artifactual peak generation by other compounds in the algal material (J. Craigie, pers. comm., 1998) .
It should, nevertheless, be clearly stated that in dealing with previously uninvestigated, crude phycocolloid systems, identifications based on FT-IR spectroscopy alone must be considered tentative. It is impossible with this technique to: (i) determine whether the putative structure is referrable to a single polymer species, or whether separate polymers of different composition are mixed; (ii) reveal whether sugars are present in the D or L forms or both; (iii) assign without ambiguity the sulfate ester positions in sugar sulfate, as IR vibrational signals can be markedly dependent on substituent effects and on the chemical environment (Harris and Turvey 1970) ; and (iv) assess xylosylated and methylated polysaccharides. Therefore, if FT-IR spectroscopy is a powerful and rapid screening tool, 'unusual' polymers remain to be investigated by other complementary methods to be fully characterized.
Based on an extensive library search and our own analyses by FT-IR diffuse reflectance spectroscopy, Table 3 presents the current knowledge on cell-wall composition in 224 species belonging to 28 families of the Gigartinales. To our knowledge, no representatives of the Haemeschariaceae, Calosiphoniaceae, Cruoriaceae, Wurdemanniaceae, Acrosymphytaceae, Chondriellaceae, Blinksiaceae, Cubiculosporaceae, Mychodeophyllaceae, Catenellopsidaceae, Peyssonneliaceae, Choreocolacaceae and Gainiaceae have had their cell-wall composition reported.
Recently, gametophytes of Mastocarpus stellatus Galactose: peak with alkali modified ι-/small peak with unmodified ι-/shoulder with ο-carrageenan (Stackhouse) Guiry, Chondracanthus canaliculatus (Harvey) Guiry, Chondrus crispus, Gigartina skottsbergii Setchell et Gardner and Mazzaella leptorhynchos were reported as carrageenophytes containing small amounts of agarocolloids (Craigie and Rivero-Carro 1992; Ciancia et al. 1993 Ciancia et al. , 1997 , while in Sarcothalia crispata (Bory) Leister, sporophytes contain agarocolloids (Stortz and Cerezo 1993) . Agarocolloids were also reported in Endocladia muricata (White et al. 1985) , Callophyllis cristata and Cirrulicarpus gmelini (Usov and Klochkova 1992) without specifying in which generation.
In the Dumontiaceae sensu stricto, Constantinea rosa-marina (Gmelin) Postels et Ruprecht from the Pacific coast of Russia was described as an agarophyte by Usov and Klochkova (1992) , while the FT-IR spectrum from a sample we obtained from Alaska was more characteristic of a λ-type carrageenan or carragars, as were those from C. subulifera Setchell (Alaska) and Cryptosiphonia woodii (J. Agardh) J. Agardh (Alaska and California). Neodilsea integra (Kjellman) A. Zinova was also described as an agarophyte by Usov and Klochkova (1992) ; the FT-IR spectra we obtained from N. borealis (Abbott) Lindstrom, N. natashae Lindstrom and N. yendoana Tokida indicate possible carragar structures. The FT-IR spectra of these carragars typically display a weaker absorbance at 1230-1240 cm -1 than those of λ-carrageenan, a small peak at 1075-1080 cm -1 , a small peak at 930-940 cm -1 (not observed in λ-carrageenan, but is observed in θ-carrageenan and strongly in agars), a weak absorbance at 895-900 cm -1 (not observed in λ-carrageenan but is in α-and δ-carrageenans and strongly in agars) and a strong absorbance at 845-850 cm -1 , [already indicated by Whyte et al. (1984) ] instead of at 820-830 cm -1 as in λ-carrageenan. The major component of the cell wall of Dilsea carnosa (Schmidel) O. Kuntze was identified as λ-and µ-carrageenans, while a minor fraction might contain κ-carrageenan (Rees 1961; Zinoun et al. 1990 ). Dumontia contorta (Gmelin) Ruprecht was reported to produce λ-type carrageenan (Percival and McDowell 1967) ; our FT-IR spectra of samples from Alaska and New Brunswick are indicative of a λ-/θ-/α-carrageenan producer. The presence of large amounts of floridean starch seems characteristic of the Dumontiaceae (Lindstrom 1994) ; it reaches unusually high levels in Hyalosiphonia caespitosa Okamura (Usov et al. 1983 ). Farlowia mollis (Harvey et Bailey) Farlow et Setchell and Rhodopeltis borealis Yamada present unusual FT-IR spectra, definitely different from typical carrageenophytes. The above confusion suggests a need for re-evaluation of the status of the Dumontiaceae and related families, proposed to be elevated to ordinal rank by Fredericq et al. (1996) .
In the Rhizophyllidaceae, which could be considered close to the Dumontiaceae based on molecular evi- Table 2 . Key peaks in infrared spectra used for identifying the 15 carrageenans presently recognized according to the Greek lettering system and the letter code proposed by Knutsen et al. (1994) -, absence of peak; +, presence of peak; +++, peak strongly present; s, shoulder; n, narrow peak. Wavenumbers Table 3 .
Cont.
NS, no indication of generation given by author; G, in gametophytes; S, in sporophytes; G + S, in both generations when indicated. Taxon and Arkhipova (1981) dence (G. W. Saunders, pers. comm., 1998) , Portieria hornemannii (Lyngbye) Silva was described as a λ-like carrageenophyte by Craigie (1990) ; the same can be said for Ochtodes secundiramea (Montagne) Howe based on our FT-IR spectra.
In the Polyidaceae, Polyides rotundus (Hudson) Greville was described as containing 'deviant λ-carrageenan' (Black et al. 1965) and 'deviant carrageenan' (Mathieson et al. 1984) ; the uncharacteristic FT-IR spectrum we obtained could tentatively be interpreted as a case of a ω-/κ-carrageenan producer.
In the Sarcodiaceae, Sarcodia marginata J. Agardh and S. montagneana (Hooker et Harvey) J. Agardh were described as λ-type carrageenan producers (Liao et al. 1993a ). As our FT-IR spectra of S. montagneana and Sarcodia sp. display a marked shoulder around 940 cm -1 and a strong absorbance at 845 cm -1 , we are more inclined to consider them carragarophytes. This would support molecular evidence (G. W. Saunders, pers. comm., 1998 ) that indicates their taxonomic position is close to the Plocamiales, as Plocamium cartilagineum (Linnaeus) Dixon and P. violaceum Farlow analyzed by Whyte et al. (1984) and P. costatum (C. Agardh) Hooker et Harvey and P. dilatatum J. Agardh (present study) may be other examples of carragarophytes.
The only representative of the Pseudoanemoniaceae analyzed to date, Hummbrella hydra Earle, displayed another uncharacteristic FT-IR spectrum in which the presence of θ-carrageenan could tentatively be recognized. It is also worth noting that this spectrum is similar to that of Farlowia mollis (Dumontiaceae) and that of Botryocladia pseudodichotoma (Farlow) Kylin (Rhodymeniaceae, Rhodymeniales): this obviously requires further biochemical investigation and reexamination of the taxonomic position of this family.
In the Acrotylaceae, Antrocentrum nigrescens (Harvey) Kraft et Min-Thein is a κ-/µ-/ι-/β-carrageenan producer, while Claviclonium ovatum (Lamouroux) Kraft et Min-Thein, whose taxonomic position remains to be determined (G. W. Saunders, pers. comm., 1998) , presents a FT-IR spectrum remarkably similar to those of the two species of Mychodea in the Mychodeaceae.
The only member of the Rissoellaceae, Rissoella verruculosa (Bert.) J. Agardh, produces ω-/κ-/β-carrageenans, a combination of carrageenans only otherwise found in the Furcellariaceae. It is worth noting that, based on rbcL sequence analysis, Furcellariaceae and Tichocarpaceae cluster closely (Fredericq et al. 1996) ; in terms of phycocolloid composition, the only member of the Tichocarpaceae, Tichocarpus crinitus, is a κ-/β-carrageenan producer (Usov 1992) . This confirms the need for the re-evaluation of the taxonomic position of the Tichocarpaceae.
In the Schizymeniaceae, whose phylogenetic affiliation remains unresolved by molecular techniques (Saunders and Kraft 1997) , Schizymenia pacifica (Kylin) Kylin and S. dubyi (Chauvin) J. Agardh appear to be other examples of carragar producers, the latter species having 45% of its total galactose in the L-form (Bourgougnon et al. 1996) . Our FT-IR spectroscopy data indicate that Platoma australica Womersley et Kraft may be a λ-/δ-/θ-carrageenan producer.
The FT-IR spectrum of the only analyzed representative of the Phacelocarpaceae, Phacelocarpus peperocarpos (Poiret) Wynne, André et Silva, displays some similarities to that of Endocladia muricata (Endocladiaceae), which was described as producing desulfated κ-type carrageenan (in fact a mixture of β-, κ-, and µ-carrageenans, according to our spectrum) with 6% agarobiose (Whyte et al. 1985) . According to Liao et al. (1996) , the polysaccharide from P. peperocarpos is a highly sulfated galactan composed, in both gametophytes and sporophytes, predominantly of the novel repeating (1→3′)-linked disaccharide carrabiose 4′, 6′-disulfate and possible minor fractions of κ-and ω-carrageenans. Interestingly, the rbcL sequence analysis of Fredericq et al. (1996) recognized a clade of the Endocladiaceae, Gloiosiphoniaceae and Phacelocarpaceae based on the analysis of one representative per family (Endocladia muricata, Gloiosiphonia verticillaris Farlow and Phacelocarpus tortuosus Endlicher et Diesing). Our phycocolloid analysis confirms the closeness of the genera Endocladia and Phacelocarpus; however, analyses of other members of the Endocladiaceae revealed that Gloiopeltis cervicornis (Suringar) Schmitz and G. furcata (Postels et Ruprecht) J. Agardh produce sulfated agarose or funoran (Lawson et al. 1973; Whyte et al. 1985) and that G. coliformis Harvey and G. tenax (Turner) Decaisne produce carrageenans (Selby and Wynne 1973) . The only member of the Gloiosiphoniaceae for which we have a FT-IR spectrum, Schimmelmannia schousboe J. Agardh, is possibly a carragar producer. These different results point toward: (i) the need to re-evaluate family membership when species with heterogeneous polysaccharide composition are identified; and (ii) the need for caution in inferring phylogenetic relationships from very limited numbers of species from a family.
Species belonging to the Kallymeniaceae present a heterogeneous phycocolloid composition indicative of a need for taxonomic re-examination: Beringia castanea Perestenko and Velatocarpus pustulosus (Postels et Ruprecht) Perestenko, sometimes placed in the family Crossocarpaceae, are agar producers (Usov and Klochkova 1992) ; Callophyllis cristata and Cirrulicarpus gmelini produce polysaccharides in between agar and carrageenans (Usov and Klochkova 1992) ; Callophyllis rangiferina (Turner) Womersley produces carragars (this study); Callophyllis rhynchocarpa Ruprecht and Erythrophyllum sp. produce carrageenans (McCandless 1978; Usov et al. 1983 ); Callophyllis variegata (Bory) Kützing, Kallymenia reniformis (Turner) J. Agardh and K. westii Ganesan produce λ-type carrageenans (this study, Deslandes et al. 1990; Chopin et al. 1994 ) and K. limminghii Montagne produces κ-/ι-/µ-carrageenan hybrids (this study).
As mentioned above, several authors indicated or questioned the potential chemotaxonomic significance of minor constituents such as methylated galactose (Whyte et al. 1984; Chopin et al. 1990 Chopin et al. , 1994 , pyruvic acid (DiNinno et al. 1979; Zablackis and Perez 1990; Chopin et al. 1994) , and xylose (Adams et al. 1988; Craigie 1990; Chopin et al. 1994) . From the present study, xylose and different types of methylated galactose appear widely distributed among the families of the Gigartinales; however, the position of xylosylation or methylation could have chemotaxonomic significance (J. Craigie, pers. comm., 1998) . The presence of pyruvic acid (π-carrageenan) seems limited to the Solieriaceae, Areschougiaceae, Petrocelidaceae and Gigartinaceae. Mannose has also been recorded in a few families (Solieriaceae, Phyllophoraceae, Caulacanthaceae, Sphaerococcaceae). Glucose, usually attributed to being derived from floridean starch, is probably of universal occurrence even if it is not always reported. However, the failure to record these minor constituents in some families does not necessarily mean that they are absent; it is more often a reflection of the limited extent of the chemical investigations undertaken.
Biochemical alternation of generations (BAG) in species of the Phyllophoraceae, Petrocelidaceae and Gigartinaceae, with either isomorphic or heteromorphic life histories, is well documented (McCandless et al. 1973 (McCandless et al. , 1982 (McCandless et al. , 1983 Craigie 1990 ). Gametophytes produce carrageenans of the κ-family, while tetrasporophytes produce those of the λ-family. As more species of these three families are investigated, the pattern still holds with the exception, however, of Phyllophora pseudoceranoides (Gmelin) Newroth et A.R.A. Taylor and possibly Chondrus canaliculatus (C. Agardh) Greville. The latter species, whose taxonomic position has been questioned (S. Fredericq, pers. comm., 1998) , was reported to not show a BAG (Ayal and Matsuhiro 1986 ), while Craigie (1990) indicated that it had a typical BAG (κ-vs λ-carrageenans). Gigartina polycarpa (Kützing) Setchell et Gardner is the only species for which we analyzed male and female gametophytes separately as they can be easily distinguished with the naked eye. The FT-IR spectra of both types of gametophytes are similar and reveal that they are κ-/ι-/µ-/ν-carrageenan producers, the male gametophytes containing less of the precursors. Our extensive study of 224 species belonging to the Gigartinales did not demonstrate that BAG occurs in other families of this order. Here too, it could be more a reflection of the extent of the sorting of samples into the different generations (when easily possible) undertaken by the collectors and authors before analyses are made.
CURRENT DEVELOPMENTS Some taxa reveal obvious phycocolloid singularities that point toward re-evaluation of their taxonomic positions (Table 4) . The complex hybrid nature of cell-wall polymers in red algae has been emphasized in recent years by:
1. The observation of agarocolloids in an increasing number of carrageenophytes not only belonging to the Gigartinales but also to the Halymeniales [Grateloupia elliptica Holmes (Hirase et al. 1967) , G. divaricata Okamura , Aeodes ulvoidea Schmitz (Allsobrook et al. 1971) ] and the Rhodymeniales [Lomentaria catenata (Takano et al. 1994) ].
2. The increased use of the term carragars to describe hybrid structures, which are neither simple agars nor carrageenans, in some cases reported as 'deviant λ-carrageenans' because they superficially resemble λ-carrageenan.
3. The report of alginatocolloids, previously thought to be exclusively observed in brown algae, in three members of the Corallinaceae (Corallinales), Serraticardia maxima (Yendo) Silva, Marginisporum aberrans (Yendo) Johansen et Chihara and Lithothamnion japonicum Foslie (Okazaki et al. 1982) .
The above evidence can only lead one to question our present biosynthetic concepts regarding algal cellwall polymers. As the classical red algal galactan nomenclature is based on the over-simplification of polymers made of perfect disaccharide repeating units rarely seen in nature, Knutsen et al. (1994) proposed a modified system of nomenclature. This shorthand notation system offers several advantages:
1. Old, confusing terms such as agar, agaroid, carrageenin, deviant, etc. are not used any longer.
2. It is very convenient for designating hybrid (masked repeating) and non-regular polysaccharide structures.
3. Greek lettering is no longer necessary [anyway, according to Craigie (1990) , its logic broke down with the naming of π-carrageenan and deviant iota instead of ο-carrageenan].
4. It emphasizes that agars and carrageenans are related biopolymers, hence justifying the term carragars.
If this new nomenclature system has been well accepted within the scientific community, it has met with some resistance within the industrial community because of the changes it introduces to the description of well-established commercial products and the required changes in national and international regulations that would follow if it was to be adopted by regulatory bodies. We can, hence, predict that the Greek lettering of carrageenans will still be around for years to come…! Using the approach of Knutsen et al. (1994) , we are re-analyzing all our FT-IR spectra, not to assign them agar or carrageenan structures, but to develop matrices based on the number of shared peaks, irrespective of their combinations to describe disaccharide repeating units. We hope that in this manner we will be able to determine if key independent phycocolloid attributes can be identified that correspond with familial and ordinal level groupings. Many more samples remain to be acquired and analyzed to avoid premature generalizations. We will then integrate information obtained from cell-wall chemotaxonomy with α-taxonomy, pit-plug characteristics and molecular information. This consensus approach holds promise for validating or refuting proposed revisions of the phylogeny of the red algae. Table 4 . Taxa with phycocolloid singularities suggesting a need to re-evaluate their taxonomic positions or to re-examine voucher specimens on which analyses were conducted Taxon Phycocolloid singularity References Yatabella sp. (Gelidiellaceae, Gelidiales) κ-Carrageenan producer among agar producers Yaphe (1959) Cryptonemia crenulata (Halymeniaceae, Halymeniales) ι-Carrageenan producer among producers of complex polymers Saito and de Oliveira (1990) Tichocarpus crinitus (Tichocarpaceae, Gigartinales) κ-/β-Carrageenan producer among producers of complex polymers Usov (1992) Rhodophyllis divaricata (Cystocloniaceae, Gigartinales) λ-Carrageenan or agar/deviant agarose producer among predominantly ι-carrageenan producers Deslandes (1988) Anatheca dentata (Solieriaceae, Gigartinales) Carragar producer among carrageenan producers Nunn et al. (1981) Callophycus costatus, C. dorsiferus, C. harveyanus, C. laxus, Pyruvated α-carrageenan producers among ι-/β-or κ-type carrageenan producers Chiovitti et al. (1997) C. oppositifolius, C. tridentifer (Solieriaceae, Gigartinales) Phyllophora crispa (Phyllophoraceae, Gigartinales)
β-/κ-Carrageenan producer among ι-/κ-carrageenan producers (gametophytic generation) Craigie (1990) Phyllophora nervosa (Phyllophoraceae, Gigartinales) ω-Carrageenan producer among ι-/κ-carrageenan producers (gametophytic generation) Mollion et al. (1986) Phyllophora pseudoceranoides (Phyllophoraceae, Gigartinales) Craigie (1990) Gloiopeltis coliformis (Endocladiaceae, Gigartinales) Carrageenan producer, but considered a synonym of Gloiopeltis furcata reported to produce Selby and Wynne (1973) funoran (Stancioff and Stanley 1969) or sulfated agarose (Hirase and Watanabe 1972; Whyte et al. 1985) Campylaephora hypnaeoides J. Agardh (Ceramiaceae, Ceramiales) Agar or porphyran-like, producer-like members of the Bangiales Usov et al. (1983) 
